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Pyramid of effects caused by air pollution

US EPA 

2024



Causality steps

The five categories are:

• causal relationship;

• likely to be a causal relationship;

• suggestive of, but not sufficient to 

infer, a causal relationship;

• inadequate to infer the presence or 

absence of a causal relationship; 

and

• not likely to be a causal relationship.



(EMAPEC) WHO

https://www.who.int/activities/estimating-the-morbidity-from-air-pol-lution-and-its-economic-costs.



Mortality-PM2.5 2024 
meta-analyses WHO 
HRAPIE-2

• WHO HRAPIE-2 Project
• Orellano, 2024
• 53 studies
• RR = 1.095 (1.06-1.13)

https://pmc.ncbi.nlm.nih.gov/articles/PMC11466858/pdf/ijph-69-1607683.pdf



Development of RRs mortality and
long-term PM2.5 per 10 μg/m3)

• HRAPIE (Hoek 2013) 1.062 (1.040-

1.082)

• WHO 2021 AGQ (Chen&Hoek 2020) 1.080 (1.040-1.090)

• ELAPSE (Hoffmann 2022) 1.119 (1.060-

1.179)

• HAPIE-2 (Orellano 2024) 1.095 (1.064-

1.227)



Conclusions: recommended CRFs for health impacts

Mortality: HRAPIE-2 Project WHO 

• PM2.5 RR = 1.095 (Orellano 2024) 

• NO2 RR= 1.045 (Kasdagli 2024)

• Sensitivity analyses European ELAPSE (Hoffmann, 2022) PM2.5 RR = 
1.12 & NO2 RR= 1.04 

Morbidity: EMAPEC Project WHO (Forastiere, 2024)

• PM2.5 & NO2



What about ozone?



EEA, 2023



Biological mechanisms

US EPA 

2017
Ozone is highly reactive in the respiratory 

tract Devlin et al., (1997)



US EPA 

2020



Proceedings for the Ozone Workshop US EPA 2024

Emerging research areas/findings include impact on the brain. 

Increase in studies on COPD and other respiratory diseases. 

In general, more linear concentration-response functions on short-term 
effects with no threshold.

Short-term effects of O3 exposure, lag of one or two days for 
respiratory endpoints and had a lag of up to five days for cardiovascular 
endpoints.



Recent meta-analysis 

Kaudagli et al, 

2024



What about BC?



2nd Global Conference on 
Air Pollution and Health

Session number: 7c

Bridging Air Pollution, Health and Climate: Tackling 
Black Carbon and Ultrafine Particles 
March 26 / 14:30-16:00

Zorana Jovanovic Andersen / Professor in Environmental 

Epidemiology, University of Copenhagen, Denmark;  

Former Chair of ERS Environment and Health Committee

Overview of exposure and health 
effects of black carbon, evidence 
gaps
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habitasse platea dictumst. Phasellus consequat sollicitudin sapien at eleifend. 
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efficitur, eget congue nunc fringilla. Sed nec laoreet enim. Ut fringilla viverra velit 
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pulvinar massa sed sollicitudin. Nullam commodo, justo in consequat mollis, nisi 

eros tempor urna, non hendrerit nisl libero sed neque.
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Health Effects of Black Carbon: 
WHO (2012)

• Sufficient evidence on association of short-term exposure to BC 
and health (all-cause and CVD mortality, cardiopulmonary 
hospital admissions)

• The evidence from long term studies is inconclusive in multi-
pollutant models.

• Effects estimates (from both short- and long-term studies) are 
much higher for BC compared to PM10 and PM2.5 when the 
particulate measures are expressed per unit of mass 
concentration (µg/m3). 

• There are not enough clinical or toxicological studies to allow an 
evaluation of the qualitative differences between the health 
effects of exposure to BC or to PM mass

• BC may be useful as an additional indicator in evaluating local 
action aimed at reducing the population exposure to 
combustion PM (from motorized traffic)

• The Task Force on Health recommends to continue using PM2.5 
as the primary metric in quantifying exposure to PM and its 
health effects , and for predicting benefits of reduction measures
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Health Effects of Black Carbon. 
EPA (2019)

• EPA Integrated Science Assessment for Particulate Matter 
(2019): ‘PM Components and Sources: Many PM2.5
components and sources are associated with many health 
effects, and the evidence does not indicate that any one 
source or component is more strongly related with health 
effects than PM2.5 mass…’
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Health Effects of Black Carbon: 
WHO Air Quality Guideline (2021)
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BC: review of epidemiological 
evidence: long-term exposure to 
BC and mortality

• Zhu X, et al. Short and long-term association of 
exposure to ambient black carbon with all-cause 
and cause-specific mortality: A systematic review
and meta-analysis. Environ Pollut. 2023 May 
1;324:121086. 
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RR is for an increase of 10 μg/m3 of BC
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BC: review of epidemiological 
evidence: long-term exposure to 
BC and mortality

New studies after meta analysis:

1. Zhu A, et al. Black Carbon Air Pollution and 
Incident Mortality Among the Advance-
Aged Adults in China: A Prospective Cohort
Study. J Gerontol A Biol Sci Med Sci. 
2025;80(4):glae302. 

2. Weichenthal S, et al. Long-Term Exposure to 
Outdoor Ultrafine Particles and Black 
Carbon and Effects on Mortality in Montreal 
and Toronto, Canada. Res Rep Health Eff
Inst. 2024;2024:217.

3. Olstrup H, et al. The Long-Term Mortality
Effects Associated with Exposure to Particles
and NOx in the Malmö Diet and Cancer 
Cohort. Toxics. 2023;11(11):913.
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Long-term exposure to black carbon and all-cause mortality: 
is effect of BC independent of that of PM2.5?

Reference Location Study design / cohort 

name

Hazard ratio (95% CI) for BC PM2.5 adjustment

Zhu et al. 2025 China (very old 

population)

Cohort study (CLHLS) 1.39 (1.36, 1.43), 1 µg/m3 3.10 (2.94, 3.26)

Weichenthal et al. 

2024 

Montreal and 

Toronto, Canada

Cohort study 

(CanCHEC)

1.03 (1.03, 1.04), 0.5 µg/m3 1.009 (1.004, 1.015) 

(PM2.5 and Ox)
Olstrup et al. 2023 Malmö, Sweden Cohort study (MDC) 1.05 (1.02, 1.08), 0.15 µg/m3 1.05 (1.02, 1.09)

So et al. 2022 Denmark Cohort study 

(administrative)

1.05 (1.04, 1.06), 0.5 µg/m3 1.03 (1.02, 1.04)

Stafoggia et al. 2022 European multi-

countrywide

Cohort study (ELAPSE 

administrative cohorts)

1.04 (1.02, 1.06), 0.44 µg/m3 1.03 (1.01, 1.05)

Bauwelinck et al. 

2022

Belgium Cohort study 

(administrative)

1.00 (1.00, 1.00), 0.44 µg/m3 0.99 (0.99, 1.00)

1.00 (1.00, 1.01), 0.44 µg/m3 1.01 (1.00, 1.01)

Strak et al. 2021 European mulit-

cohort

Cohort study (ELAPSE 

pooled cohorts)

1.08 (1.06, 1.10), 0.44 µg/m3 1.04 (1.02, 1.06) 

Raschou-Nielsen et al. 

2020

Denmark Case-control 

(administrative cohort)

1.05 (1.02, 1.08), 1 µg/m3 1.04 (1.01, 1.07)
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BC and morbidity: long-term exposure to black carbon 
during pregnancy and maternal and fetal health

CHILD:
• Low birthweight (7 studies +, one-)
• Preterm birth (2 studies +, one-)
• Asthma incidence (one study +)
• Childhood wheeze (one study +)
• Hay fever and allergic rhinitis (one study +)
• Newborn systolic blood pressure (two studies +)
• Total fat mass, newborn insulin resistance (one study +)

MOTHER:
• Gestational diabetes melliuts (GDM) (one study +)
• Impaired glucose tolerance (IGT) (one study +)
• Preeclampsia (one study+)

* Goriainova V, et al. Adverse Effects of Black Carbon (BC) Exposure during Pregnancy on Maternal and Fetal Health: A Contemporary Review. Toxics. 2022;10(12):779 Sinsamala RM, et al. 
Pregnancy outcomes as related to in utero exposure to air pollution and greenness: The Life-GAP Project. Environ Epidemiol. 2024;8(4):e318; Dong S, et al. Maternal exposure to black carbon
and nitrogen dioxide during pregnancy and birth weight: Using machine-learning methods to achieve balance in inverse-probability weights. Environ Res. 2022;211:112978.
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Conclusion

• New ERFs for PM2.5 both 

mortality and morbidity

• Health effects also on long term 

exposure of ozone

• The evidence base on BC is 

increasing (new WHO report end 

of year)



THANKS FOR LISTENING! 
ACKNOWLEDGING ALL THE PEOPLE BEHIND THE RESEARCH 
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